During the summer of 2002, we used GPR to map the distribution of sub-bottom sand and gravel in two Cape Cod lakes as part of a lake reconstruction program. The reconstruction effort had been hampered by concentrations of gravel, which cannot be removed by the extraction tubes.
Introduction
In the summer of 2002 Hager GeoScience performed a geophysical investigation in Barnstable on Cape Cod, Massachusetts ( Figure 1 ). The project was in response to problems encountered by the Town of Barnstable during the rehabilitation of two freshwater lakes, Lake Elizabeth and Red Lily Pond. The rehabilitation consisted of in-situ methods of extracting "subbottom" sand from each water body and re-depositing the sand over nutrient-rich lake bottom mud. The effect of this method is to lower the lake bottom via subsidence and to cover the lake bottom mud to prevent algal growth and create a more hospitable environment for recreation. The barge-based sand extraction system ( Figure 2 ) encountered problems when the suction tubes could not penetrate a refusal layer. Presuming the problem to be coarse gravel beds, the Town requested HGI to map and distinguish between areas of sand and gravel for future extraction efforts. HGI proposed using GPR to perform the investigation, since the technique could offer reasonable depth penetration and vertical resolution of sub-bottom stratigraphy. The highpowered antenna proposed for the study allowed sufficient coupling with the target sediments through water and organic-rich peat and silts. The investigation program called for a series of parallel linear traverses across the water bodies in order to obtain a spatial distribution of subsurface data suitable for mapping the stratigraphic units. Borehole data provided by the Town of Barnstable and obtained during follow-up vibracoring were used to calibrate and refine the geophysical interpretation along the traverses.
The Town provided GPS survey control for the start and end points of the GPR traverses and the core hole locations.
Technical Approach
HGI defined the problem within the context of a mining operation. The in-situ sand extraction is not unlike an alluvial gold or diamond mining operation. In this context, it is important to define the geologic setting and the resource characteristics. The project approach adopted by HGI was that of characterizing a mineral resource and providing a preliminary definition of a probable "ore" deposit, i.e., sand.
In a mining context, the definition of a resource as recoverable requires knowledge of geologic, mining, and economic parameters that determine the economic feasibility of the recovery process. In this case, market and economic parameters were not key factors; however, the geology and mining or sand-extraction criteria are crucial to defining the difference between favorable and unfavorable material. The geologic processes that account for the sediment erosion, transport, and deposition can be studied and used to interpret the stratigraphy and, therefore, the favorable sand locations. As for the extraction criteria, we knew that there is a depth penetration limit of the extraction tubes being used, and that the tube penetration is also limited to "refusal" encountered during the mining process. The nature of the refusal, however, was not clear. Several factors or combination of factors --including gravel size, concentration of gravel in sand, sand-to-gravel ratio, percentage of clay/silt in the sand/or gravel, and the compaction and/or cementation characteristics of the material.--could have been responsible for the refusal.
Based on the above approach, HGI's goal was to identify the stratigraphic sequence defining the depositional history of the area and the geologic system containing the sand resource. Several different GSSI antennas were tested to determine the best combination of penetration and resolution: 1) a bistatic high power 100 MHz antenna; 2) a monostatic 200 MHz antenna, and 3) a mono-static 100-MHz tube wave antenna. The bistatic high power 100 MHz antenna system proved to be the optimal compromise between depth penetration and resolution.
The HGI geophysical survey geometry consisted of a series of traverses across each lake. A rope and buoy system was used to keep a straight line and survey control across the lakes and stakes were used to mark the beginning and end of each transect.
The antennas were placed in a fiberglass boat for the traverses. GPR data were collected following the rope along linear profiles across each lake while driving or rowing the boat (Figures 3 and 4) . Data were digitally collected at a continuous rate and at as constant a rate of speed as possible. A digital survey mark was manually placed in each GPR record at 25-foot intervals opposite buoys placed 25 feet apart along the rope. Ground penetrating radar data were collected using a Geophysical Survey Systems, Inc. SIR System 2000 digital ground penetrating radar system. The GPR data were displayed on a color monitor for immediate visual inspection and quality control and simultaneously recorded on the system's hard drive for later processing and interpretation. HGI personnel made 19 traverses across Lake Elizabeth and 48 across Red Lily Pond, collecting a total of 70 records. Fourteen vibracores were obtained for stratigraphic information to use in calibrating GPR data. The vibracore operation was contracted by the Town of Barnstable and monitored by HGI personnel (Figure 5 ). 
Data Analysis
After field data collection, GPR data were downloaded to a PC and processed at the HGI office using GSSI's RADAN for Windows NT©. As in most lake surveys, coupling of radar energy to sub-bottom sediments was complicated by the boat-water-organic mud-peat boundaries. Band-pass and background removal filters, deconvolution, migration, horizontal smoothing, range gain adjustments, and manipulation of color tables and transforms were applied to the GPR records.
HGI determined depth of horizons along GPR traverses from reflections interpreted as their respective surfaces. After processing, RADAN's Structural and Stratigraphic Interactive Interpretation Module© was used to make time "picks" for the target horizons representing these units. The module entered each time "pick" into an ASCII file according to its location along traverses. These data and other information were saved in a spreadsheet file. Calculations were performed to create a database containing the easting, northing, and depth for each data point obtained from the GPR records. Approximately 2768 and 3024 data points each from Red Lily Pond and Lake Elizabeth, respectively, were used for the study.
The GPR propagation velocity at the site was estimated from soil velocities obtained at similar sites, migration analysis, and the vibracores mentioned earlier. This information was used to calculate an average site-specific depth conversion factor for the material, which in turn allowed GPR signal velocity to be translated into depth below ground surface along the GPR traverses.
The database was used to create 2-D grid models of each mapped horizon. Kriging algorithms incorporating anisotropy parameters were used to create the grids. Color contour maps representing the mapped horizons were created from the grids in Surfer©. Isopach (thickness) maps of the valley fill material and stratigraphic profiles of the study area were created from the grids using grid math functions. The Surfer plots were brought into AutoCAD and a best fit obtained to the base map provided by the Town of Barnstable.
Results
Up to seven stratigraphic units were visible in the GPR records, from recent lake-bottom mud (#1) and underlying peat (#2) through three stages of valley fill (#3-5) to glacial outwash (#6) and finally till (#7). The units most significant to this study are the Recent Valley Fill and Glacial Outwash, the tops of which define the boundaries of the most favorable sand deposits, i.e., fine to medium grained sands with minimum amounts of gravel. The two units are described briefly below.
Glacial Outwash Unit
The glacial outwash unit represents a major erosional surface on poorly sorted sand and gravel. This unit defines the valley system hosting the Red Lily Pond and Lake Elizabeth drainage systems. The radar reflections from this horizon are stronger than those from any other horizon, thereby indicating a significant change in electromagnetic properties from those for overlying units. We interpret the enhancement of the reflections to be the result of increased compaction or iron cementation along the erosional surface. In either case, the change in EM properties would be the result of reduced porosity and, therefore, water saturation, resulting in a significant change in the dielectric properties of the material. This interpretation is supported by exposures of the material along the west ridge of Red Lily Pond and the core data. Some of the core refusal occurred at depths corresponding to the anticipated depth of the glacial outwash. Iron cementation was also observed in core samples. The significance of this change in material lies in the impact it would have on the sand extraction process. This horizon could represent a mining limitation for the extraction process currently employed.
Recent Valley Fill
Composed primarily of fine-grained sand and silt, the recent valley fill unit locally contains coarser sand and gravel. This deposit represents the last stages of fluvial deposition in a shallow-water marine environment, shortly before the recession of sea level to its current position. Local occurrences of coarse gravel are thin and represent deposition during seasonal storm surges.
Structure and Isopach Maps
To determine sand volumes possibly suitable for mining, the GPR data were used to produce structure and isopach maps of the stratigraphic units. A structure map of the Recent Valley Fill is shown in Figure 6 and an isopach map for the Total Valley Fill (defined as the minable sand section) in Figure 7 . 
